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Common Features Required
of Statistical Methods

diverse data

— analyses combine data from varied sources
measurement uncertainties

— nested structure (observation within experiment)

— utilize reported uncertainties on observations

— inputs and outputs are measured with error
discrepancy

— observations may deviate from physical models

— discrepancies exceed measurement uncertainties
computationally-intensive physical models

— runs are resource-heavy

— calibration to observations can utilize a fast emulator
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Calibration of EOS for Zr
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Bayesian model calibration

* 0: unobservable parameters
 Y: observations

Bayes Rule:
P(O)«P(Y|0)

P(O|Y) = T

* P(0): Prior Distribution for @
— Diffuse priors to “let the data speak”

* P(Y | 8): Likelihood of the observed data given a value for 6
— This incorporates the physical model (EOS)

« P(Y): Marginal likelihood of the data under the statistical model

 Explore the posterior using MCMC
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Mie-Gruneisen-Debye EOS

* The physics model underlying the likelihood:

dK
Piotar = Psoo (V; Ko, d—PU’ Vo) + Py, (V7 T 90%, (])
3 o\ (VP 3 (dK, Vo\*?
Poo= Ko | [2) —(2 1+ 2 (220 4 M .
300 = 570 (V) v Tal\ap v

g
P = — (Up —
th V (UT UBOO)

0 T\® 9T 23
Ur=9mR|-+T | — d
r=on <8+ (0) /0 e* —1 a:)

V q
’Y:’Yo(vo)

0 = 0, exp (’Yo q— ’Y)

— 6 unknown parameters to be estimated
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Experimental data
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Errors in predictors and responses
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* [n addition to random observational error (precision of measurement),
we have structured uncertainties

* P P
Pl]__Pl]+5l+El]
* V V
[/ij = [/U + 5i + Eij
* T T
Iij __Il]+5l +Eij

[: experiment
j: observation

(Observation = true value + experiment-specific offset + measurement error)
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Statistical model

e Likelihood

—EQOS constrains true relationship between P-V-T
P;; = EOS(V;;,T;}; 0)

—Structured uncertainty
Pyj ~ NPy, T + 05)
N( l]'TV,i + 0-13)
N( l]'TT,i + 072")
* Priors
—EOS parameters 0 : V,, Ky, dKy, 09, V0, q
—Variance/uncertainty parameters

* 2 2 2
Pij'TP,irU ) VLJ'TVU UV' Tl]'TTl'O-T

« MCMC to explore the posterior
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Posterior distribution of EOS parameters
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Posterior distribution of EOS parameters
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Parameter uncertainties in P-V-T space
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Estimation of Hugoniots
for Porous CeQO,
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CeO, Shock Compression Experiments

An array of sensors is used
to estimate

po initial density of . VISAR-5
powder sample )

fo initial density fraction
= Po/Pmax

Us speed of shock

up speed of powder

}3
Rankine-Hugoniot balance
derives compressed state basep.ate G w,,,dow

powder buffer retammg
ring

p final density

fo ~ 0.33, 0.44, 0.56, 0.63

P final pressure

DA Fredenburg, DD Koller, PA Rigg, and RJ Scharff. High-fidelity Hugoniot
Los Alamos National Laboratory analysis of porous materials. Review of Scientific Instruments, 84(1):013903, 2013.14



CeO, Shock Compression Data

Shot
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CeO, Shock Data

(Hugoniot estimation to be described)
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Notice:
* substantial measurement errors in both p and P
« some observations miss curves beyond measurement precision
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Menikoff-Kober Hugoniot for a Powder

Inputs to the “P—a’” model
— EoS of CeO,: latest from Sesame

— Crush curve: void fraction vs. PV of particles
P = characteristic pressure (exponential decay rate)
MatHugoniot.py: Ted Carney’'s Python program calculates

P(p) = porous Hugoniot curve

dependent on fy and P,

Los Alamos National Laboratory 17



Statistical Model Assumptions

- Unknown “true’ state (fy;, p;, P;) lies exactly on Hugoniot

* P¢ =exp(Bo + Bifoi)
* Observations are normal (N) or log-normal (LN)
centered on true states

foi ~ N| foi, Ui, U; = 8fy; + 0fy
pi ~ Nl[py Vi, Vi=85 + of
P, ~ LN[P,W;l,  W; =65 + o}

— &s are given uncertainties

— o0s are extra uncertainties needed to fit observations
« Bayesian formulation

— diffuse priors on unknowns

— Markov Chain Monte Carlo explores
posterior o prior X likelihood

Los Alamos National Laboratory
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Measurement Error Likelihood

Given i-th observation
C fouPirnPi )
and parameters
0 = ( foi, Pc, U Vi, W;)
the likelihood contribution is
L;(8) = on(pi; fou Us) X
onCpi; pin Vi) dun(Py; P, Wy) d(py, P;)

fH(PCJfOi)




Local Likelihood Approximation
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data point and
uncertainties

ioar saves bookoo
Hugoniot I/ apPIOX. compute time



Statistical fit with 95% bands

two uncertainty
assumed bands
forms derive from
fit to data
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Fitted Hugoniots vs. f,
(uncertainties not shown)
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Future Extensions

Incorporate additional uncertainties

— Flexible form of P, vs. f,
— EO0S
— MK P—a is imperfect

Propagate Hugoniot uncertainties through shock-
physics applications
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Summary of Analysis Features

diverse data
— combined analysis
measurement uncertainties
— nested structure
— errors on inputs and outputs
discrepancy
— beyond measurement precision
— imperfect physical models
computationally-intensive physical models
— can utilize fast emulators
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